The characteristics of an impact load and pressure were experimentally investigated. Drop tests were carried out using a modified Wigley with CB = 0.56. The vertical force, pressures, and vertical accelerations were measured. A 6-component load cell was used to measure the forces, piezo-electric sensors were used to capture the impact pressure, and strain-gauge type accelerometers were used to measure the vertical accelerations. A 50-kHz sampling rate was applied to capture the peak values.
Introduction
Sea-going vessels and various kinds of onshore and off-shore structures have frequently experienced impact forces such as slamming. The impact force on a ship caused by slamming induces significant structural stress and vibrations, which can lead to the local or global failure of the structure. The importance of more accurate and reliable estimations of slamming loads has been increasing, not only for designing structurally safe ships, but also for ensuring the survivability of marine structures under harsh environments.
Remarkable researches on slamming loads were conducted by Von Karman [1] and Wagner [2] , which still provide the fundamentals of our physical understanding and intuition on slamming. Experimental researches followed their pioneering researches, most of which treated simple geometries such as two-dimensional sections of cylinders and wedges. A study on the numerical prediction of three-dimensional slamming was attempted by Troesch and Kang [3] for flare slamming. Chuang [4, 5] investigated the three-dimensional effect by considering the effect of an air cushion trapped on a wet body surface and using model tests for a conical shaped body. Recently, Chezhian [6] , and Faltinsen and Chezhian [7] , carried out model tests and numerical analyses for a fore and aft symmetric three-dimensional body combined with a cylinder and hemi-sphere. Faltinsen [8] adopted the matched asymptotic expansion method to consider the water entry of a wedge, Korobkin [9] derived analytical models for the water impact problem. Yettou et al. [10] derived a new analytical model that considered the change in the water entry velocity caused by deceleration, following the work done by Mei et al. [11] . Most of the numerical works have been based on the following assumptions: a rigid body, incompressibie and inviscid fluid, irrotational flow, calm water, neglect of gravity and air trapping, and constant water entry velocity. Accordingly, the experimental works have focused on validating the state of the art numerical and analytical models. Consequently, the models have been made so rigid and heavy that the conventional assumptions on slamming or impact are satisfied. However, ships suffer slamming in the following real situations: they experience acceleration by gravity and deceleration by a reaction force after impact, and the slamming induces very significant hydroelastic vibrations, which means the ship is not sufficiently rigid to be regarded as a rigid body. Thus, it is meaningful to investigate the results of an impact model test with less idealization, allowing changes in the acceleration, velocity, and elasticity of the model.
In the present study, the characteristics of global slamming loads, as well as the pressure on a freely falling Wigley hull with CB = 0.56, were investigated experimentally. A high speed digital camcorder was used for observing the violent flow around a ship model. The basic characteristics of the impact load and pressure such as the linearity to the falling height were observed for all of the measurements. A simple formula was derived to extract the real impact load from the measured force based on a simple mass-sensor-mass diagram.
It was found that the time durations required for the impact loads to reach their peak values were the same for different drop heights, which corresponded to the time needed to develop a splash after touching the undisturbed free surface. It was also found that the elasticity of the impact body significantly influenced the level of slamming load, with a more elastic body giving a much higher slamming load than a rigid body.
Model Tests

Test Setup and Model
The model tests were carried out at the preparation tank of the MOERI Ocean Engineering Basin. The flume is 5 m long, 3 m wide, and 2 m deep. The water depth was kept at 1.4 m for the tests. The test setup was devised to prevent the friction effect during the free drop of the model (see Fig. 1 ). The mass distribution of the model was made uniform to prevent any model inclination from non-uniformity. To maintain a horizontal posture at the beginning stage of the free drop when triggering via a pneumatic valve, a guide frame made of four vertical steel poles and conical wedges was employed. This guide frame structure made it possible for the model to freely drop without any interference. The sample record of measured accelerations shown in Fig.  2 shows no contact between the model and guide frame structure. Recorded video scenes at the moments the model touched the still water surface also show that the model maintained its initial horizontal posture. The model was a modified Wigley hull with CB = 0.57 made of FRP (fiberglass reinforced plastic). The mathematical description of the hull form is as follows.
(1)
A stiffener structure made of aluminum was installed along the bottom of the model to suppress any unwanted elastic deck motion effect on the impact force and accelerations. A load cell was installed at the top of the stiffener structure to measure the impact force on the model caused by its free drop. The weight of the Wigley hull model itself was 36.7 kgf; the total weight of the model, including the sensors, sensor frame, and additional weights, was 149.4 kgf. The falling heights were set to range from 0.1 m to 0.5 m in 0.1m increments. At least three identical tests were carried out, and the repeatability of the data was confirmed. 
Sensors and measurements
The impact force, pressures at 7 locations, and vertical accelerations on the bottom and deck of the model and the mounting plate were measured. The sampling rate for all of the measurements was set to 50 kHz to capture the impact characteristics. A PXI-4472 system from National Instrument was employed for data acquisition. A MotionProHs-2 was used to record the violent flow around the model during the tests at 500 frames/second. The sensor locations are shown in Fig. 3 . The specifications of the sensors are summarized in Table 1 . 
Impact Load Measurement and Analysis
Because the load cell was located between the ship hull and mounting plate, the measured impact force was influenced by the mass distribution of the hull and mounting plate. In order to extract the pure impact force from the measured value, the model system was idealized as a two lumped mass system connected with a rigid load cell, as shown in Fig. 4 , (Fig. 5) . The general description of the mass-spring-damper system for the model system is simplified as a two lumped mass system connected with a load cell in the present paper. This fact implies that the body suffers from a significant change in acceleration during the impact. Fig. 7 presents the change in acceleration and the falling velocity of the model during the water entry. The velocity increases linearly until it touches the free surface, after which the velocity increase rate becomes smaller as a result of deceleration. In actuality, the entry velocity still increases until the ship suffers the peak load caused by slamming, even if the ship experiences a deceleration because of the fluid reaction force. In the model experiment, the velocity changes during the impact are about 1% and 2% of the entry velocity for drop heights of 0.4 m and 0.2 m, respectively. This means that a constant velocity assumption may slightly underestimate the slamming load for smaller entry velocities, but not very significantly. Fig . 8 shows the relationship between the measured peak acceleration values, pressures, and drop heights. The acceleration and pressures are linearly proportional to the drop height, which shows that the impact force is proportional to the square of the entry velocity. However, a pressure with a very low level such as the one at location 5 does not show a clear linear relation to the drop height because pressure 5 is not primarily induced by the impact. It is also observed that the test results show satisfactori-ly good repeatability for 3 tests under the same conditions. Both the repeatability results and the linearity of the impact values of the force and pressure show the qualitative reliability of the measurements in the model tests.
Results and Discussion
The impact force is derived from the measured vertical force using equations (4a~4c) (Fig. 8) . Because the bottom of the load cell is mounted on the deck frame of the Wigley model and the top is bolted to a heavy upper plate, the measured force is a reaction force between the upper and lower parts of the ship model system. This reaction force is a small portion of the impact force ( ). Equation (4c) gives a reasonable correction for the measured value to obtain a more realistic impact load among the three different expressions for converting the measured value to a slamming load. In contrast, equations (4a & 4b) show different behaviors because they do not account for the effects of the mass distributions. Fig. 9(a) shows that the impact load is proportional to the drop height. Consequently, the impact forces non-dimensionalized by the square of the entry velocity ( ) are constant for a drop height, as shown in Fig. 9(b) . This result qualitatively coincides with that of Von Karman [1], which showed that the impact force at the initial entry was proportional to the square of the entry velocity. In our study, the magnitude of the normalized slamming force was about 1, but the factor was dependent on the sectional shape and elastic property of the structure. Fig. 10 shows the effect of the elasticity of the model on the impact load. The model was the same as that of Chezhian [6] , and Faltinsen and Chezhian [7] , but the weight and elasticity were different in the present study. The upper curve was obtained from the lighter and more elastic model (weight = 143 kgf), while the lower curve was obtained from the heavier (168 kgf) and stiffened model. Chezhian [6] already discussed the effect of the model elasticity and sensor system on the slamming load and reviewed the difficulties encountered in previous experimental studies. It was observed that the elasticity of the model contributed to an amplification of the impact force, which means the elasticity of the ship should be considered for a safe ship design against slamming loads. Fig. 11 shows the measured slamming force and those derived from the mathematical model studied by Chezhian [6] , and Faltinsen and Chezian [7] . In the figure, the diamond and circular symbols denote the experimental and numerical values by Chezhian [6] , while the square and triangular symbols are the measurements in the present study. The square symbol corresponds to a lighter and more elastic model, and the triangle corresponds to a heavier and stiffened model. The elastic model gives a higher slamming force, but the stiffened model shows good correlation with the calculations, as well as the measurements by Chezian [6] . 12 shows snapshots of the model at the moment of water contact to 0.03 seconds after the water entry for the case of a drop height of 0.5 m. It is observed that a splash occurs after the impact from the midship and develops both upward and in the fore and backward directions.
Elastic Model
Stiffened Model Fig. 13 shows snapshots for the same case, with the time step reduced to 2 ms (milliseconds). It is observed that the splash caused by the water entry of the model develops at t = 6 ms. Fig. 14 shows the measured impact force signals for different drop heights. It can be seen that peaks in the impact force appear at the same time (t = 4 ms) after the water entry for all drop heights. According to von a constant drop velocity, the maximum impact force occurs at z = -0.018 m, independent of the drop height. The corresponding times for the peak occurrences for heights of 0.2~0.5 m are estimated to be 5.8~9 ms. The measured impact peak value appears earlier than the estimated one, which is based on a constant drop speed. The measured water entry velocities show relative errors of just 1~2%. However, the locations where the peak force occurs are roughly estimated as z = -0.008~-0.013 m for h = 0.2~0.5 m, which are shallower than the numerical predictions. It is not clear why the measured peaks appear at the same time after the water entry, but as shown in Fig. 14, the splash develops at around 6 ms after water entry. The same phenomena were observed for other drop heights. The corresponding time (4 ms) at which the peak occurs seems to shows a close relationship with the time the splash develops after the water entry from the high-speed video record. The elasticity of the model might produce a high peak behavior similar to that of the impacts from different drop heights. Another possibility is that the model suffers a rapid change in acceleration during the water entry, which does not have a significant effect on the velocity change because of the very short time duration and effect of gravity, but could significantly influence the magnitude and peak time of the impact force by adding a force proportional to acceleration. The amount of acceleration dependent impact force is roughly estimated to be about 30% of the total impact force, which can lead to an earlier impact peak time compared to that under a constant velocity situation. Fig. 15 compares the measured impact force and simple calculation results based on von Karman and Wagner theories. In the theory, the impact force at the midship section of the modified Wigley can be obtained as a closed form by assuming a constant entry velocity. where U is the entry velocity, B is the breadth, d is the draft, c is the instantaneous wetted breadth, and z is the vertical coordinate. For the other sections, cross sections are approximated by polynomials up to the third-order. Then, the sectional impact forces are approximated based Water contact (#554) t==0.02sec.
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Water contact (#554) 0.004s after water contact 0.002s after water contact 0.006s after water contact on the fitted polynomials. The same procedures are adopted for the calculation of Wagner formula. In Fig. 14, the magnitudes of the calculated values are obtained by integrating along the length in a strip sense.
Both numerical results show qualitatively good correlation with the measurements, but the slopes are different. It is easily expected that von Kara lower bound for the impact force, bound. Considering the discrepancies in the impact peak times, as well as other factors neglected in those formulas such as the 3-dimensional effect and general shape of the sections, the simply calculated values seem to give a good approximation in an engineering sense. 
Conclusion
An experimental study on slamming loads for a modified Wigley was carried out using free falling drop tests. The reliability of the measured data was confirmed by investigating the basic characteristics of the slamming loads such as the linear dependency on the drop height and the repeatability. Findings from the observations and analysis of the experimental data are summarized as follows:
For most of the impact signal measurements, corrections should be made based on a reasonable physical model. An appropriate modeling was derived for extracting the slamming force from the measured impact force in the present study. The time duration to reach the peak impact force was observed to be the same for different drop heights, which had a close correlation with the observation that the time to develop the splash after water entry was the same for different drop heights. In the present study, the time at the peak force was 0.004 seconds, while the time the splash occurred was less than 0.006 seconds. The measured impact forces were very sensitive to the elasticity of the model. A more elastic body gave a much higher slamming force. This implies that a consideration of the elasticity of a ship structure is needed for a more accurate and conservative estimation of the slamming load.
It was also observed that the acceleration of a freefalling body suffered a significant change in acceleration at the moment of impact, which could contribute to an earlier impact appearance time. The velocity change during the water entry was not significant, but was only a relative error of a few percent compared to the entry velocity.
